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Research Article
Nanoparticles of nitrogen-modified TiO 2 (N-doped TiO 2 ) calcined at 300 o C and 350 o C, have been prepared with and without water rinsing. Samples were characterized by x-ray diffractrometry (XRD) and optical spectroscopy. The electron paramagnetic resonance (EPR) spectra from centers involving oxygen vacancies were recorded for all samples. These could be attributed to paramagnetic surface centers of the hole type, for example to paramagnetic oxygen radicals O -, O 2 -etc. The concentration of these centers increased after water rising and it further increased for samples annealed at higher temperature. Additionally, for samples calcined at 300 o C, and calcined at 350 o C and rinsed, the EPR spectra evidenced the presence of magnetic clusters of Ti 3+ ions. The photocatalytic activity of samples was studied towards phenol decomposition under unltraviolet-visible (UV-Vis) irradiation. It was found that, in comparison to the starting materials, the rinsed materials showed increased photocatalytic activity towards phenol oxidation. The light absorption (UV-Vis/DRS) as well as surface Fourier transform infrared/diffuse reflectance spectroscopy (FTIR/DR) studies confirmed a significantly enhanced light absorption and the presence of nitrogen groups on the photocatalysts surfaces, respectively. A significant increase of concentration of paramagnetic centers connected with oxygen vacancies after water rising has had an essential influence on increasing their photocatalytic activity.
of the titania's three crystallographic modifications. However, as a wide band gap semiconductor (3.2 eV), anatase titania exhibits photoactivity only in the UV light range. Thus it is of interest to bring down the band gap of anatase to the visible range. Many studies have been dedicated to the doping of titania with metals as well as non-metals. Until now, doping with non-metals N, B, S, C etc. have shown the best results [21] .
The electron paramagnetic resonance (EPR) has been widely used to investigate the localized magnetic centers in titanium dioxide, e.g. [16, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . The localized magnetic centers could be found in the form of free radicals, the titanium ions in low oxidation state, oxygen defects, and other doped ions or magnetic nanoparticles. The EPR spectroscopy is an especially suitable technique for the detection of photogenerated radicals, that act as intermediates in the photocatalytic processes [36] . Concentration of these magnetic centers might have significant influence on such important physical properties of TiO 2 as conductivity and the magnitude of photocatalytic or voltaic activities [37, 38] . Additionally, in the doped and undoped titanium oxides, a ferromagnetic phase could appear [15, 22, 23, [39] [40] [41] [42] . The ferromagnetic ordering in titanium oxides is one of the new properties of titanium oxide composite which is being widely investigated [42, 43] . The consensus is that the oxygen vacancies coexist with trivalent titanium ions, which form as an isolated or correlated spin system state.
The aim of this work is to investigate the effect of water rising on photocatalytic performance of nitrogenmodified TiO 2 nanoparticles prepared by annealing in ammonia (N-doped TiO 2 ). Four different types of N-doped TiO 2 samples annealed at 300ºC and 350ºC were prepared with and without water rinsing and characterized by means of XRD, FTIR/DRS, and UV-Vis/DR methods. Their magnetic response were investigated by using EPR technique to deduce the structure of studied paramagnetic centers involved in photocatalytic processes. Furthermore, the influence of magnetic and physical properties of these new materials on their photocatalytic activity under UV-Vis light irradiation during phenol degradation process was studied.
Experimental procedure
In order to obtain a new N-doped TiO 2 photocatalyst a commercial titanium dioxide, consisting of amorphous anatase and small amount (up to 3.5%) of rutile phases from sulfate technology from Chemical Plant "Police" S. The physicochemical properties of the new materials were studied using various methods such as UV-Vis/DR technique using Jasco V-650 (Japan) spectrophotometer equipped with the integrating sphere accessory for diffuse reflectance spectra, with BaSO 4 used as a reference; FTIR/DRS which was performed using Jasco FTIR 4200 (Japan) spectrometer equipped with a diffuse reflectance accessory (Harrick, USA); X-ray powder diffraction (XRD) analysis (X'Pert PRO Philips diffractometer) using CuK a radiation.
Sample activity was studied towards phenol photocatalytic oxidation process under UV-Vis light irradiation. For this purpose, 0.5 dm 3 of 5 ppm phenol solution was irradiated for 5 hours in the presence of the new photocatalyst or commercial starting material for comparison. As a source of UV-Vis irradiation, a group of six lamps with power of 20 W each (Phillips) with the radiation intensity of 134.38 W m -2 Vis and 132.45 W m -2 UV was employed. The emission spectra, as well as measurement conditions have been described in our previous publication [22] . During the entire process, the phenol concentration in the solution was measured every 0.5 hour using UV-Vis spectrometer (Jasco, Japan). The mineralization rate was measured using TOC Multi N/C 2000 analyzer (Analytik Jena, Germany).
EPR spectra were recorded using a standard X-band spectrometer, Bruker E 500 (ν = 9.45 GHz) with a magnetic field modulation of 100 kHz. The measurements were performed in the 3 -290 K temperature range using an Oxford helium-flow cryostat. Fig. 1 shows the XRD pattern of a starting material (TiO 2 /pristine) together with TiO 2 /300ºC and TiO 2 /350ºC samples. It can be seen that annealing of the starting material at 300ºC and 350ºC has caused an increase in anatase crystallite phase content. Also some amount of rutile, probably due to its presence in the starting material, has appeared. In the case of a starting material, the anatase to rutile ratio is strongly influenced by a large amount of amorphous phase in the sample. The given values are related only to the crystalline phase and although the rutile content may seem high, its concentration is very small. The bulk scale overview of crystallinity and crystallite sizes of the materials was calculated from the X-ray diffraction patterns as described in a previous paper [22] . The mean sizes of the crystallites of anatase are presented in Table 1 . The crystallite sizes of studied materials did not exceed 20 nm.
Results and discussion
The described modifications were prepared to obtain photocatalysts with an enhanced photoactivity by extending the range of light that can be utilized during photocatalytic process. As can be seen in Fig. 2 , the light absorption ability of samples modified at 300°C is smaller than of the ones prepared at 350°C. This is consistent with the color change of samples, which after modification turned from white to yellowish. This change in optical properties is attributed to N-modification of samples [44] . The nitrogen modification of all new samples was confirmed by means of FT-IR/DRS studies (Fig. 3) [46] . Their presence might be taken as evidence of the introduction of nitrogen groups on the photocatalysts' surface during the modification process. It also strongly suggests that the nitrogen surface modification was stable during rinsing with water and drying, and thus points to nitrogen-doping. The nitrogen modification, studied intensively in recent years, significantly increases the photocatalytic activity of TiO 2 [21, 44] . Apart from new bands ascribed to the presence of nitrogen groups on the surface of TiO 2 /300°C, other new bands can be seen as well. These bands can be ascribed to the presence of ammonium sulfate and tiosulfate in the samples. This phenomenon is due to the reaction between residual sulfuric acid and ammonia and was described previously [22] . Fig . 4 presents the photocatalytic activity under UVVis irradiation expressed as a constant rate of phenol decomposition. The constant rate (k) values have been calculated by fitting experimental points with different linear reaction orders. Satisfactory fitting was achieved by using a simple first order kinetics. It can be seen, that in both sample types the rinsing with water resulted in higher photocatalytic properties under UV-Vis irradiation during organic contamination removal from water. The increased photocatalytic properties could be associated with an increased number of oxygen vacancies after the rinsing procedure.
EPR study of all investigated samples has revealed the presence in their spectra of narrow lines centred at g eff~2 that will be designated as OxR (oxygen related) paramagnetic centres. Figs. 5a-5d presents EPR spectra of this centre in all investigated samples at different temperatures. The spectra in rinsed and unrinsed samples have shown the presence of narrow resonance lines of Dysonian-type lineshape. The Dysonian lineshape suggests the existence of electron conductivity in all samples and a potential influence on the concentration of OxR centres detected by EPR method. The registered resonance lines at RT were centred at g eff =2.0031 (4) Figs. 6a and 6b present the temperature dependence of the peak-to-peak linewidth and the reciprocal of the integrated intensity of OxR centre for all samples. The type of temperature dependence of linewidth looks the same in all samples. The temperature dependence of the integrated intensity is different at high and low temperatures. The reciprocal of integrated intensity shows the Curie-Weiss behaviour, I(T)=C 1 /(T-T CW ), at high temperatures (above 50 K) and close to Curielike dependence, I(T)=C 2 /T, at low temperatures (below 50 K). The ratio of the integrated intensities at low temperature is as follows: I TiO2/350°C rinsed : I TiO2/350°C : I TiO2/300°C rinsed : I TiO2/300°C = 6.5 : 3.0 : 1.0 : 0.9. After sample rinsing, the concentration of OxR centers seemed to increase significantly. Moreover, concentration of OxR centers also increased with the annealing temperature. In two investigated samples: [TiO 2 /300ºC] and [TiO 2 /350ºC rinsed] a weak and broad line (ΔB pp~4 00 G) centered at g>2 has been detected (Fig. 7) . This line has displayed a significant shift in magnetic field as temperature of samples was varied (Fig. 8) . This shift was especially large in the low temperature range (T<50 K). In Fig. 9 , the temperature dependence of the resonance field H r (T), linewidth ΔH pp (T), and integrated intensity I int (T) of the broad line in [TiO 2 /300ºC] sample is presented. The resonance field shifts towards low magnetic fields with decrease of temperature in the low temperature range, a phenomenon that could be explained as a change of the resonance condition due to emergence and build-up of an internal magnetic field. It is well known that both bulk and surface vacancies could be formed in TiO 2 due to oxygen loss [16] . Appearance of such oxygen vacancies could have a profound effect on both electronic and chemical properties of TiO 2 , and consequently change its performance as photocatalyst. EPR spectroscopy can detect oxygen vacancies because the electrons remaining in the vacancy move toward the neighbouring centres) in anatase and rutile TiO 2 have their g-factors (g 1 , g 2, g 3 ) in 2.003-2.030 range [27] . In N-doped TiO 2 prepared by sol-gel method three different paramagnetic species have been identified by EPR spectroscopy [9] . They were classified as type I and type II paramagnetic centers. Type I consists of molecular nitrogen oxide species, NO and NO 2 , trapped in microvoids of the solid, while type II is a monomeric nitrogen species incorporated in the bulk of N-doped TiO 2 . EPR spectra of type I centers are observed only at low temperatures. They show characteristic three-line hyperfine structure and their g-factors are in 1.927-2.004 range. Both NO and NO 2 are byproducts of the nitrogen incorporation in the solid and do not directly influence the electronic structure of the system. The EPR signal of the type II center is characterized by an orthorhombic g tensor whose main values are very close to one another (2.003-2.005) [9] . As there is no hyperfine structure visible in our samples EPR spectra (see Fig. 5 ), they could not be attributed to type I centers. Contribution of the type II center to a relatively strong EPR signal observed in our samples close to g~2.004 cannot be excluded.
A single, sharp EPR signal in the g-factor range of 2.003-2.004 was previously reported in many papers [26, 27, [48] [49] [50] [51] [52] . In plasma-treated TiO 2 a symmetrical, sharp signal appeared at g=2.004 as a result of the visible light irradiation [48] . It was assigned to the electron trapped on the oxygen vacancy. A similar signal at g=2.003 was observed in vacuum-reduced TiO 2 and attributed to a bulk defect, probably as an electron trapped on an oxygen vacancy [49] . The singlet signal at g=2.0035 in reduced TiO 2 was assigned to the surface defects [50]. Naccache et al. reported that the symmetrical line at g=2.003 detected in reduced TiO 2 arose from the localization of conduction electrons in the lattice [51] . The energy levels of oxygen vacancy state were determined to be 0.75-1.18 eV below the conduction band for the reduced TiO 2 sample, and they were involved in the photoexcitation processes increasing sample photocatalytic activity [53] .
In general, EPR active radical trap center is classified as an electron trap center when its g factor is smaller than that for the free electron (g e =2.0023) or as a hole trap center if its g-factor is bigger than for free electron, Fig. 5 ) showed that the spectra of the rinsed samples were more symmetric. It clearly indicates a change of local symmetry of the surface oxygen radicals during rinsing. This may be the result of an increased number of OxR centers after rinsing (what was discussed earlier) and, as a next result, a stronger dipole-dipole interaction between radicals leading to smearing out of weaker interactions and increasing the linewidth of the EPR spectrum. An increase of linewidth after samples rinsing has been indeed observed. ions, possibly on the nanograin surface. This explains a large change of the resonance field and significant broadening in the low temperature range of this centre caused by freezing of spins and forming the cluster. It is worth noticing that the existence of both types of paramagnetic centres registered in our samples is directly or indirectly connected with oxygen vacancies. Thus, it is not surprising that the concentration of the EPR centres increases after rinsing samples with water. 
Conclusions
